The human drug metabolizing cytochrome P450 (CYP) 1A2, is one of the major P450 isoforms contributing by about 5-20% to the hepatic P450 pool and catalyzing oxidative biotransformation of up to 10% of clinically relevant drugs including clozapine and caffeine. CYP1A2 activity is interindividually highly variable and although twin studies have suggested a high heritability, underlying genetic factors are still unknown. Here we adopted a pathway-oriented approach using a large human liver bank (n = 150) to elucidate whether variants in candidate genes of constitutive, ligand-inducible, and pathophysiological inhibitory regulatory pathways may explain different hepatic CYP1A2 phenotypes. Samples were phenotyped for phenacetin O-deethylase activity, and the expression of CYP1A2 protein and mRNA was determined. CYP1A2 expression and function was increased in smokers and decreased in patients with inflammation and cholestasis. Of 169 SNPs in 17 candidate genes including the CYP1A locus, 136 non-redundant SNPs with minor allele frequency >5% were analyzed by univariate and multivariate methods. A total of 13 strong significant associations were identified, of which 10 SNPs in the ARNT, AhRR, HNF1α, IL1β, SRC-1, and VDR genes showed consistent changes for at least two phenotypes by univariate analysis. Multivariate linear modeling indicated that the polymorphisms and non-genetic factors together explained 42, 38, and 33% of CYP1A2 variation at activity, protein and mRNA levels, respectively. In conclusion, we identified novel trans-associations between regulatory genes and hepatic CYP1A2 function and expression, but additional genetic factors must be assumed to explain the full extent of CYP1A2 heritability.
antidepressant duloxetine (Lobo et al., 2008) , theophylline (Ha et al., 1995) , and caffeine (Butler et al., 1989 , which is commonly used for CYP1A2 in vivo phenotyping (e.g., Fuhr et al., 2007) . CYP1A2 was also shown to activate procarcinogens, such as aromatic heterocyclic amines, and polycyclic aromatic hydrocarbons (Boobis et al., 1994; Eaton et al., 1995; Kim and Guengerich, 2005) .
Like other drug metabolizing enzymes, CYP1A2 activity is highly variable and a number of environmental, non-genetic and genetic as well as epigenetic factors have been shown to play a role (Gunes and Dahl, 2008; Ghotbi et al., 2009) .
Drug-drug interactions are one prominent source of clinically relevant variability and several high-affinity and irreversible inhibitors of this enzyme have been identified, including, for example, the potent irreversible inhibitor fluvoxamine (Gunes and Dahl, 2008; . Furthermore, all three CYP1 genes are coordinately regulated by the Ah-receptor pathway, which leads to induced levels in smokers (Schweikl et al., 1993; Bock et al., 1994; Sesardic et al., 1998; Ghotbi et al., 2007; Pelkonen et al., 2008) and after exposure to other xenobiotics (Pelkonen et al., 2008) .
There is also evidence from several studies that CYP1A2 activity is higher in men than in women (Relling et al., 1992; Rasmussen and Brøsen, 1996; Scandlyn et al., 2008) .
IntroductIon
The cytochrome P450, CYP1A2, is one of three P450 isoforms of the CYP1 family expressed in humans, the other isoforms being CYP1A1 and CYP1B1. It is predominantly expressed in liver and at lower levels in intestine, pancreas, lung, and brain (Gunes and Dahl, 2008; ). In the liver, CYP1A2 contributes about 5-20% to the total microsomal P450 pool, thus representing one of the major drug metabolizing enzymes and contributing significantly to the oxidative metabolism of 10-15% of clinically relevant drugs. Among these are the antipsychotic clozapine (Bertilsson et al., 1994; Eiermann et al., 1997) , the included genes that have been previously implicated in CYP1A2 constitutive, inducible, and pathophysiological transcriptional regulation, such as liver-enriched transcription factors and co-regulators, members of the AhR pathway, and mediators of inflammation and immune response, as summarized in Figure 1 . In addition, we included several nuclear receptors that function as xenobiotic sensors of other inducible P450s, although direct interaction with CYP1A2 has not been demonstrated. In addition we also re-analyzed numerous SNPs within the CYP1A2 gene that have been previously investigated as determinants of pharmacokinetics or that have other evidence for functional impact. To investigate the possible impact of these genetic variants, we carried out univariate and multivariate association analyses in a large human liver bank phenotyped for CYP1A2 mRNA and protein expression, and enzyme activity. The clinical documentation of the samples furthermore allowed us to include a number of environmental and other non-genetic factors. The results support the view that some polymorphic genes in transcriptional regulatory pathways contribute to hepatic CYP1A2 phenotype, although non-genetic factors appear to be almost as important as genetic ones.
MaterIals and Methods

PatIents and lIver saMPles
Liver tissue and corresponding blood samples for genomic DNA extraction were previously collected from patients undergoing liver surgery at the Department of General, Visceral, and Transplantation Surgery (A.K.Nuessler, P.Neuhaus, Campus Virchow, University Medical Center Charité, Humboldt University Berlin, Germany). The study was approved by the ethics committees of the medical faculties of the Charité, Humboldt University, and of the University of Tuebingen and conducted in accordance with the Declaration of Helsinki. Written informed consent was obtained from each patient. All tissue samples had been examined by a pathologist and only histologically normal liver tissue was collected and stored at −80°C. For each patient, detailed information was available regarding age, sex, smoking status, alcohol consumption, pre-surgery medication (P450 inducers as assigned in Table 1 ), indication for liver resection, and pre-surgery liver serum parameters ( Table 1) . Samples from patients with hepatitis, cirrhosis, or chronic alcohol abuse were excluded. A total of 150 liver samples from which high quality RNA and complete documentation could be obtained were finally included.
High quality total RNA was isolated from liver tissue using Trizol/QiagenRNeasy protocol as described previously (Gomes et al., 2009 ). Synthesis of cDNA was performed with 1 μg RNA using the TaqMan Reverse Transcription Kit (Applied Biosystems, Darmstadt, Germany) according to the supplier's instructions. Expression of CYP1A2 mRNA in liver tissue was performed using specific primers and a TaqMan-probe as described in Feidt et al. (2010) with a TaqMan 7500 system (Applied Biosystems, Darmstadt, Germany). A standard curve was obtained using CYP1A2 cDNA-containing linearized plasmid DNA (a friendly gift from J. Buters; Munich, Germany). Raw data were normalized to RPLP0 (60S large ribosomal protein P0) expression which was determined in the same samples using the endogenous Additional variability in CYP1A2 expression is observed during inflammation (Vrzal et al., 2004) and several cytokines down-regulate expression in primary human hepatocytes (Abdel-Razzak et al., 1993) or repress inducibility (Muntané-Relat et al., 1995) .
Despite these pronounced environmental, sex, and diseaserelated factors, there is strong evidence for a significant contribution of genetic factors to interindividual variability in CYP1A2 activity. By measuring the caffeine metabolic ratio as a CYP1A2 activity marker in a large cohort (n = 378) of mono-and dizygotic twins selected to exclude the influence of smoking, oral contraceptives, and gender, Brøsen and colleagues found a strong overall heritability of 0.725 (Rasmussen et al., 2002) .
To date, 16 defined alleles and additional haplotype variants, comprising more than 30 SNPs have been identified in coding and non-coding regions of the CYP1A2 gene (CYPallele nomenclature website at http://www.cypalleles.ki.se/; inspected August 6, 2010).
The amino acid variants, some of which were shown to be functionally relevant (Chevalier et al., 2001; Murayama et al., 2004; Zhou et al., 2004) are nevertheless of limited clinical use due to their rare occurrence. Among the few SNPs currently considered to be of potential predictive value, are the 5′-upstream variant 3860G > A (CYP1A2*1C) and the intron 1 polymorphism −163C > A (CYP1A2*1F) located downstream of the untranslated first exon. However, attempts to establish phenotype-genotype relationships were overall disappointing and a recent study concluded that no SNP or haplotype in the CYP1A2 gene has a clear predictive value (Jiang et al., 2006) . Thus, although some of these variants have been associated with altered drug clearance and response, or with disease susceptibility (Gunes and Dahl, 2008; Zanger et al., 2008) , it appears that the basis for inheritable CYP1A2-dependent phenotypes has not been satisfactorily elucidated.
Although novel SNPs within the CYP1A locus may still be discovered, genetic determinants in other genes that participate in the regulation of constitutive and inducible CYP1A2 expression should be expected to contribute to interindividual variability. In particular the liver-enriched transcription factors HNF4α, HNF1α, USF1/2, and the coactivators PGC1α and SRC-1 were shown to be involved in constitutive expression of CYP1A2 (Narvaez et al., 2005; Martínez-Jiménez et al., 2006) . Importantly, the aryl hydrocarbon receptor (AhR) pathway coordinately regulates transcription of CYP1 and a battery of additional ADME and other genes that constitute the toxicological response to polycyclic aromatic hydrocarbons and dioxins (Nebert and Dalton, 2006; Pascussi et al., 2008) .
While several murine Ah-receptor polymorphisms were shown to affect dose-response curves and toxic effects, the existing polymorphisms in the human Ah-receptor and other genes of the pathway have not been systematically investigated as determinants of downstream transcription (Okey et al., 2005) . Further signaling pathways recognized to have an impact on CYP1A2 expression include inflammation and immune response, as it is known that CYP1A expression is downregulated during sepsis or inflammation (Vrzal et al., 2004; Zhou et al., 2008; Tian, 2009 ).
Here we adopted a pathway-oriented approach to investigate the association of polymorphisms in candidate genes involved in the transcriptional regulation of CYP1A2 gene expression. We Lincoln, NE, USA). For absolute quantification, a standard curve was generated by coanalyzing 250-4000 fmol of recombinantly expressed CYP1A2 in insect cell membranes (Becton Dickinson Gentest, Heidelberg, Germany) in each experiment. The CYP1A2 enzyme activity was determined by measuring phenacetin-Odeethylation as described in Turpeinen et al. (2009) .
snP selectIon and genotyPIng Methods
Candidate gene polymorphisms selected for analysis are listed in Table S1 in Supplementary Material. SNPs were selected from public databases 1, 2, 3, 4, 5 according to available data on functionality, frequency, and linkage based on published research. For each gene, SNP selections were complemented by LD (linkage disequilibrium)-tag SNPs selected using HaploView 6 on HapMap-CEU SNP population. Genomic DNA was isolated from EDTA blood samples using the QIAmp DNA Blood Mini Kit System (Qiagen, Hilden, Germany). MALDI-TOF MS (matrix-assisted laser desorption/ionization time-of-flight mass spectrometry) genotyping was performed for 85 SNPs distributed across 12 different assays using the MassARRAY Compact system (Sequenom, San Diego, CA, USA). Primers for MALDI-TOF MS genotyping were ordered from Metabion International (Martinsried, Germany). Data for additional 78 SNPs were obtained from HumanHap300v1.1 chip analysis (Microarray Facility Tübingen Services, Tübingen, Germany). Two polymorphisms were genotyped using predesigned TaqMan allelic discrimination assays (Applied Biosystems, Darmstadt, Germany) using a TaqMan 7900HT (Applied Biosystems, Darmstadt, Germany). Data for four SNPs were kindly provided by E. Schaeffeler (IKP, Stuttgart, Germany). Details of primers and genotyping assays are available upon request. Approximately 10% of samples within each assay were repeated or sequenced in the concerning region to confirm genotyping results as a quality control. Generally, less than 0.1% discordant results were obtained.
statIstIcal Methods
Statistical analyses were performed using software R-2.11.0 7 with additional packages hwde-0.61 and SNPassoc-1.6-0. HardyWeinberg p-values were calculated according to Wigginton et al. (2005) . Minor allele frequency (MAF) and missing values frequency of polymorphisms are given in (Table S1 in Supplementary Material). SNPs with MAF < 5% (n = 28) were excluded from further analyses. For polymorphisms having less than three heterozygotes or homozygotes in the remaining data set (n = 14), heterozygotes and homozygotes were combined and compared vs. wild-types. From pairs of 100%-linked polymorphisms (n = 5), the SNP with the fewest missing values, if present, was chosen. Finally, a total of 136 polymorphisms were included in the statistical analyses.
control assay (4326314E) from Applied Biosystems (Darmstadt, Germany) . Normalized values were adjusted to the median value of all samples.
CYP1A2 protein expression was analyzed by Western blot in liver microsomes. Ten micrograms of protein were separated by electrophoresis on a 10% SDS-polyacrylamide gel and blotted onto nitrocellulose membranes. Anti-human CYP1A2 monoclonal antibody (clone 26-7-5 Invitrogen Panvera, Darmstadt, Germany) and IRD800-labeled secondary anti-mouse antibody (Licor, Lincoln, NE, USA) were used for detection with an Odyssey system (Licor, P450 inducers: atorvastatin, beclometasondipropionate, budenoside, estradiol, metamizole, nifedipine, omeprazole, pantoprazole, prednisolone, simvastatin, tamoxifen, vitamin D. c Cholestasis was diagnosed according to Nies et al. (2009 the different phenotypes. These values are comparable to previous studies by others (Shimada et al., 1994; Jiang et al., 2006; Gunes and Dahl, 2008) , however compared to our studies on other liver drug metabolizing enzymes (e.g., CYPs 2D6, Zanger et al., 2001; 2B6, Hofmann et al., 2008; 3A4, Wolbold et al., 2003) variation was somewhat less pronounced. All three CYP1A2 phenotypes were significantly correlated to each other (Figure 2 ). As expected due to common regulation, CYP1A2 expression levels were also highly correlated to CYP1A1 (data not shown).
non-genetIc factors InfluencIng cyP1a2 exPressIon
Available documentation to the liver donors included demographic, clinical, and self-reported data as shown in Table 1 . We used univariate, non-parametric tests to analyze whether any of these parameters had an impact on CYP1A2 phenotype. We identified self-reported cigaret smoking, pre-surgical drug exposure, liver function, inflammation, diagnosis, and cholestasis as factors being significantly associated with microsomal phenacetin O-deethylase activity (Table 3, Figure 3 ). Regular smoking had the strongest impact on all phenotype levels and increased CYP1A2 activity, protein and mRNA-levels by 1.5-, 1.6-, and 1.5-fold, respectively. Known CYP3A-inducers were associated with decreased CYP1A2 activity and protein levels, whereas patients treated with other drugs had normal levels. As omeprazole had been described as an inducer of caffeine metabolic ratio (Rost et al., 1992) , we separately analyzed a subgroup of 12 patients treated with this drug. While mRNA levels were increased by 1.4-fold (not significant), protein and activity were slightly decreased (not significant) compared to controls not exposed to any drug (n = 40). Decreased liver function as indicated by elevated serum gamma glutamyl transferase (GGT) was associated with slightly decreased activity and protein (p < 0.01), but mRNA was unchanged. Pathophysiologically increased levels of C-reactive protein (CRP) were found in seven liver donors who had strongly decreased levels of CYP1A2 activity and protein. Moreover, cholestasis was diagnosed in 25 liver donors who also had decreased activity and protein as well as a trend for decreased mRNA. Finally, we did not find an association between the donor's sex and CYP1A2 at any phenotype level (Figure 3 , Table 3 ), although females had increased protein levels (p < 0.05) in the multivariate model (see below). Taken together, these data indicated that environmental and other non-genetic factors have a strong influence on hepatic CYP1A2 phenotype.
snP-selectIon and snP-frequencIes In the study PoPulatIon
We analyzed CYP1A locus SNPs for cis-association and polymorphisms in genes of CYP1A2 regulatory pathways for trans-association with CYP1A2 phenotype. Selected SNPs of the CYP1A locus included the most frequent and the commonly studied CYP1A2 alleles 8 as well as four tag-SNPs selected to represent other haplotypes not previously investigated (Table S1 in Supplementary Material). Candidate transcriptional pathway genes included the AhR regulatory network (AhR, AhRR, ARNT), liver-enriched transcription factors and coactivators (HNF1α, HNF4α, PPARGC1α, SRC-1, USF1), as well as some key regulators and mediators of inflammation and immune response (NFκB1, IL1β, IL1RN). We also investigated SNPs in the nuclear receptor pathway responsible
The influence of non-genetic factors on CYP1A2 expression was investigated using Kruskal-Wallis tests for categorical and Spearman correlations for numerical parameters due to the nonnormality of the phenotypic and non-genetic data. Associations between polymorphisms and CYP1A2 expression (mRNA, protein, activity) were investigated using the generalized linear model capabilities of the SNPassoc package. In order to satisfy the Gaussian distribution condition, phenotypic data were log-transformed and data distributions were checked using quantile-quantile plots. The SNPassoc package offers four different genetic models: codominant, dominant, recessive, and log-additive. In the codominant, dominant, and recessive models, the genotypic data is treated as a categorical variable. The codominant model compares wild-types vs. heterozygotes vs. homozygotes, while the dominant and recessive model test wildtypes vs. heterozygotes plus homozygotes and wildtypes plus heterozygotes vs. homozygotes, respectively. For the log-additive model, a numeric variable is created with wildtype = 0, heterozygote = 1, and homozygote = 2, assuming a linear allele-dose effect.
Package SNPassoc was also applied to study associations between SNPs and CYP1A2 phenotypes corrected for non-genetic factors. For each phenotype studied, the non-genetic correction factors were chosen based on linear models between phenotypic data and all 10 non-genetic factors considered (age, sex, nicotine and alcohol intake, drug exposure, total bilirubin, GGT, CRP, cholestasis, diagnosis) as well as models derived from these complete models via step-wise model selection using Akaike's information criterion. Non-genetic factors were chosen for correction if the p-value from complete and/or reduced models was <0.15. In all linear models, we used log-transformed phenotypic data as dependent variable. All statistical tests were two-sided and statistical significance was defined as p < 0.05.
results
PoPulatIon varIabIlIty of hePatIc cyP1a2
CYP1A2 expression in the 150 Caucasian liver samples varied considerably at the different phenotype levels and was unimodally yet not normally distributed (Table 2, Figure 2 ). Fold-variation was highest (196-fold) for mRNA and lowest (35-fold) for enzyme activity ( Table 2 ). However the coefficient of variation (cv) as a normalized measure of variability was more comparable between 
genotyPe-PhenotyPe correlatIon analysIs
Univariate analysis
A total of 136 SNPs with MAF > 5% were further investigated for association with phenotypic data by univariate analysis, applying four different genetic models (co-dominant, dominant, recessive, or log-additive, see Materials and Methods). Without correction for non-genetic factors, this resulted in a total of 25, 16, and 16 significant associations at p < 0.05 for activity, protein, and mRNA, respectively. A graphical summary of these results is shown in Figure 4 .
The log-additive model is based on the assumption of a genedose effect, such that heterozygotes are phenotypically intermediate between homozygous wild-types and mutants. Limiting the results to this mechanistically most plausible genetic model and restricting to the strongest significant associations with p < 0.01 revealed a total of 11 univariate associations showing a significant linear trend for any one or more phenotypes (Table 4) . However, the SNPs in AhRR and HNF1α were pairwise linked with up to 95% (rs2241598/rs10078; rs1169300/rs2464196; rs1169306/ rs735396). The SNPs in RXRα and VDR were independent. The SNP rs2134688 in the ARNT gene was consistently associated for induction of CYP2 and CYP3 enzymes (PXR, CAR, RXR, RAR, VDR) . These genes were selected for exploratory reasons as direct interaction with CYP1A2 has not been shown.
The selected SNPs were located in intron regions (98), exonic regions (23 non-synonymous, 9 synonymous), promoters (12) and up-or downstream of the genes (27). In total we genotyped 15 SNPs in the CYP1A1/2 locus and 154 SNPs in 16 candidate genes (Table S1 in Supplementary Material). Of these, 4 and 10 SNPs, respectively, were not detected in any of the samples and 5 were in complete linkage to other SNPs and were therefore not included in further analyses. Hardy-Weinberg equilibrium test resulted in p > 0.001 for all tested SNPs (values see Table S1 in Supplementary Material).
The calculated SNP frequencies in our Caucasian liver donor population correlated well (Spearman r S = 0.92) with frequency data compiled from dbSNP database for the HAPMAP-CEU population (n = 153) ( Figure S1 in Supplementary Material). Fourteen of the analyzed SNPs were rare (MAF < 5%) and five of these were located in the CYP1A locus. The remaining had MAFs between 5 and 20% (n = 33) and 103 SNPs appeared with frequencies above 20%. (Quattrochi et al., 1994; Chung and Bresnick, 1997; Narvaez et al., 2005; Martínez-Jiménez et al., 2006) . Top-middle: Genes selected for the AhR-pathway include the ligand-binding receptor AhR, the AhR nuclear translocator ARNT, and the AhR regulator AhRR. The activated ligand bound form of AhR is complexed with two heat-shock proteins hsp90 and AIP, and co-chaperone p23, which help to correctly fold and stabilize the AhR and prevent inappropriate trafficking to the nucleus (Petrulis et al., 2000) . Upon heterodimerization with activated AhR, the ARNT/AhR complex translocates to the nucleus to activate transcription from AHRE-and XRE-motifs (Okino et al., 2007) . AhRR competes with AhR for ARNT binding, resulting in inhibition of AhR-mediated signal transduction. Top-right: Under pathophysiological conditions of inflammation, inflammatory cytokines like IL1ß and TNFα or chronic oxidative stress (H 2 O 2 ) activate NFκB which in turn inhibits AhR activity thus leading to reduced CYP1A expression. This pathway can be blocked by competing antagonists like IL1RN (Tian et al., 1999; Vrzal et al., 2004; Zhou et al., 2008) . Top-left: Exploratory pathways involving possible crosstalk to other known xenobiotic transcriptional regulation networks are indicated by PXR/RXRα, CAR/ RXRα, VDR/ RXRα heterodimers. Proteins designated in black were not included in this study.
with reduced levels of all three phenotypes; SNP rs2241598 in the AhRR gene was consistently associated with increased levels as indicated in Table 4 and Figure 5 . Seven SNPs in the HNF1α, IL1β, SRC-1, and VDR genes were associated with unidirectional changes in activity and protein, one further AhRR SNP (rs10078) was associated with increased activity. Besides the ARNT SNP mentioned above, only one SNP (rs3818740 in RXRα) was correlated to decreased mRNA.
Of note, none of the SNPs of the CYP1A locus were among these most significant relationships when our MAF limit of 5% was applied. However, for the CYP1A2 promoter SNP rs2069522 (MAF = 3.7%), we found a trend to lower protein and mRNA expression (data not shown).
Multivariate analysis
The association between each of the 136 polymorphisms and each phenotype, corrected for chosen non-genetic factors (activity and protein: age, sex, nicotine intake, total bilirubin, CRP, diagnosis; mRNA: sex, nicotine intake, drug treatment, total bilirubin, CRP, diagnosis) was tested by R-package SNPassoc. As described in Section "Statistical Methods," we selected those non-genetic factors Table 3 . Boxes are defined by the 25 and 75% quantile. The median is displayed as vertical line inside of the box. Whiskers are defined as the lowest/highest data point still within 75%/25% quantile ± 1.5 times the interquantile range (75-25% quantile). Outliers are shown as dots.
for correction with p < 0.15 in (a) linear models with all 10 nongenetic factors and/or (b) models derived from these models by step-wise model selection.
As summarized in Table 4 , all SNPs associated to any phenotype in the univariate analysis remained significant (p < 0.05) in the multivariate analysis except rs1169300 in HNF1α which lost association to activity. Both AhRR SNPs and two VDR SNPs remained significantly associated to activity with p < 0.01.
The step-wise model-selection method was furthermore applied to determine the contribution of genetic and nongenetic factors to CYP1A2 variability at each phenotype level (Figure 6 ). For this purpose, we first defined initial linear models with (a) non-genetic factors only (vide Statistical Methods), (b) all polymorphisms with p < 0.05 in the univariate or multivariate log-additive models described above, and (c) with both, SNPs and non-genetic factors, where the latter were selected as described above. The application of stepwise model-selection using Akaike's information criterion resulted in final linear models containing those SNPs and non-genetic factors which explain each of the phenotypes best. As graphically displayed in Figure 6 , the genetic polymorphisms identified in our candidate genes explained a slightly larger fraction of the total variability than the non-genetic factors at each phenotype level. The fraction explained was highest for CYP1A2 activity (42%), however, in total less than half of the hepatic CYP1A2 variability could be explained by the multivariate models.
Multiple testing correction
To correct for multiple testing we applied the BenjaminiHochberg adjustment procedure controlling the false discovery rate (FDR) (Benjamini and Hochberg, 1995) . With a FDR < 0.05 only the ARNT SNP rs2134688 and the RXRα SNP rs3818740 remained significantly associated with decreased mRNA in the univariate analysis.
dIscussIon
In this study we searched for genetic polymorphisms that could explain the high heritability that has been proposed for CYP1A2 based on a classical twin-study that compared monozygotic and dizygotic twin-pairs phenotyped for the prototypic CYP1A2 substrate caffeine (Rasmussen et al., 2002) . Several previous studies attempted to identify genetic or epigenetic markers for CYP1A2 by concentrating on the CYP1A locus on chromosome 15 (Jiang et al., 2006; Ghotbi et al., 2007; Gunes and Dahl, 2008) . However, the results of these former studies have been disappointing in that the few genetic markers identified are unable to explain more than a tiny fraction of the interindividual variability of this enzyme (Jiang et al., 2006) and most of them are still controversial (Zanger et al., 2008) . One part of our study dealing with polymorphisms at the CYP1A locus confirmed these findings. We studied 15 well-selected polymorphisms that have been previously associated with changes in phenotype or expression, or represent possible tag-SNPs not studied before. None of these SNPs was significantly associated with CYP1A2 activity or protein expression, and only for one rare promoter SNP a trend to lower protein and mRNA levels was found. A recent genome-wide study that analyzed a total of 782,476 unique SNPs in 466 liver samples also failed to detect any novel markers of CYP1A2 expression (mRNA) or activity within the CYP1A locus (Yang et al., 2010) . Future studies by next-generation sequencing and initiatives like the 1000-genomes project 9 will reveal novel polymorphisms in the CYP1A locus that can be tested as markers for phenotype. However, given the experience and amount of work done so far, it seems very unlikely that cis-associations make an important contribution to the overall variability of this enzyme.
In our study we have therefore concentrated on other genes and on various non-genetic factors as possible influential factors for expression and function of CYP1A2 in liver. By taking advantage categorized as typical inducers of CYP2 and CYP3A genes, including nifedipine, atorvastatin, or glucocorticoids, had a repressive effect on CYP1A2. We also confirmed a moderate inducing effect of omeprazole (Rost et al., 1992) , although this was not significant at the level of mRNA. We furthermore confirmed that inflammation processes have a decreasing effect on CYP1A2 expression (Congiu et al., 2009) . The finding that measurement of CRP and serum bilirubin can predict lower CYP1A2 is new, to our knowlof the detailed documentation available to the samples of our liver bank, we were able to study the influence of diverse environmental and other non-genetic factors at unprecedented detail. It was expected, based on previous work (Sesardic et al., 1988; Bock et al., 1994; Ghotbi et al., 2007) , that CYP1A2 will be increased in cigaret smokers, and we confirmed this with about 1.5-fold elevated expression at all levels. Another environmental factor analyzed concerns pre-surgical drug exposure. Interestingly, drugs edge. Interestingly, a case report on increased serum clozapine levels after bacterial infection indicated a similar effect (Raaska et al., 2002) . Furthermore, we also found that other pathophysiological states of the liver are associated with decreased CYP1A2 expression. Thus, cholestasis and/or elevated GGT levels were correlated with decreased CYP1A2 activity, protein and mRNA expression by 1.2-, 1.6-, and 1.3-fold, respectively. To our knowledge this has not been reported before for humans. Reduced activity of CYP1A2 was however found in rats with drug induced cholestasis (Bramow et al., 2001 ) and following biliary obstruction (Fukushima et al., 2008) . A further pathophysiological factor influencing CYP1A2 phenotype was identified by analyzing the reasons leading to the surgical liver resection (diagnosis). The reason for elevated levels of CYP1A2 in livers with metastases of extrahepatic primary tumors, predominantly colon carcinoma, is currently unknown. Finally, we did not find convincing evidence for a sex-related expression difference, as only the multivariate model indicated increased protein in females. Previous in vivo studies have indicated higher activity of CYP1A2 in males vs. females based on in vivo measured probe drugs (Relling et al., 1992; Rasmussen and Brøsen, 1996; Scandlyn et al., 2008) . The absence of convincing sex-related differences in our study thus contradicts these earlier findings but is in agreement with the recent study of 466 Caucasian livers, which also failed to detect an unequivocal sex-effect on CYP1A2 activity (Yang et al., 2010) . Taken together these data confirm and further extend our knowledge about environmental and pathophysiological factors influencing CYP1A2 activity and expression in human liver.
For the genetic part of our study we applied a pathway-oriented approach and concentrated on transcriptional regulatory routes, because CYP1A2 expression is highly variable and has been shown to be affected by several constitutive and inducible as well as inhibitory pathways (summarized in Figure 1 ).
Figure 6 | Contribution of genetic and non-genetic factors to CYP1A2
expression. Percentage of the total CYP1A2 variation as explained by multivariate linear models containing only non-genetic factors (green), only genetic factors (blue), or both combined (yellow). The bars indicate the coefficient of determination adjusted for the number of factors in the different models. As described in the text, the linear models were obtained by a step-wise model selection procedure using Akaike's information criterion. both remaining significant in the multivariate model. From these the tag SNP rs1540339 is located in an intron and rs10735810 (new rs2228570) is the so-called "FokI" variation often included in pharmacogenomic studies of diseases (Guo et al., 2006; Heist et al., 2008) . The site is affecting the N-terminus of VDR protein altering the transcriptional start site resulting in a shortened variant with higher transcriptional activity (Uitterlinden et al., 2004) . This may explain our finding of increased protein and activity of CYP1A2 associated with that polymorphism, supposing a direct action of VDR in CYP1A2 regulation at unidentified hormone response elements.
When all relevant genetic and non-genetic factors were combined in a multivariate model, they explained 42, 38, and 33% of CYP1A2 variation at activity, protein, and mRNA levels, respectively (Figure 6) . While this represents a significant contribution it must be realized that over 50% of the variation in CYP1A2 remains still unexplained and particularly the proposed high heritability requires additional genetic factors for explanation. A different strategy that can be taken is by genome-wide association analysis using high-density microarray technology. This approach is principally hypothesis-free and therefore can detect entirely novel relationships (Daly, 2010; Motsinger-Reif et al., 2010) . In a recent genome-wide study of liver gene expression in a liver bank comprising over 400 donors, Schadt et al. (2008) identified 3,210 expression quantitative trait loci, i.e., significant genotype-phenotype relationships. In a follow-up study, Yang et al. (2010) identified a number of novel transacting genes with highly significant trans-associations to CYP1A2 activity. None of them was among our selection of candidate genes. The potential role of these genes for CYP1A2 regulation awaits further elucidation.
conclusIon
We performed the first pathway-oriented approach to investigate whether polymorphisms in genes regulating the expression and function of CYP1A2 in human liver in constitutive, ligand-inducible, and pathophysiological manner can explain in part the assumed high heritability of CYP1A2 phenotype. The results are promising in that several polymorphisms in the ARNT, AhRR, HNF1α, IL1β, SRC-1, RXRα, and VDR genes seem to influence hepatic CYP1A2 in a consistent way and that explain more of the phenotypic variability than non-genetic factors including smoking, drug treatment, and inflammation. We think that this represents a significant advance for the pharmacogenomics of this important enzyme.
However, as more than 50% of the variation is still unexplained, additional genetic factors must be assumed. The identified candidate SNPs should now be assessed in larger in vivo studies to evaluate their potential clinical value.
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From these pathways 136 SNPs in 16 genes and the CYP1A locus were included in our final statistical analysis. The 13 strongest significant associations revealed by univariate and multivariate analysis comprise four SNPs in the ARNT, RXRα, and SRC-1 gene associated with lower expression and/or activity. Only rs2134688 in the ARNT gene consistently showed decreased levels in all phenotypes. This SNP is located in an intron and is member of a large LD block of about 550 kb including SNPs in the promoter region of ARNT and also upstream and downstream neighboring genes. Das et al. (2008) previously described this site in context of acute insulin response in that the insulin secretion in non-diabetic subjects may be altered. The others were intronic SNPs in SRC-1 (rs2119115) and in RXRα (rs3818740, rs3132297), which all were selected as "tag" SNPs representing possible new haplotypes for the genes because of linkage to a set of other polymorphisms in the gene region and throughout the promoter. They have not been analyzed before and may influence their own mRNA expression, thus resulting in lower transcription of CYP1A2. Of note, two of these disabling SNPs (rs2134688 in ARNT, rs3818740 in RXRα) remained significant after multiple testing correction for CYP1A2 mRNA expression.
Interestingly, all other SNPs (n = 9) with strong association to CYP1A2 phenotype caused increased levels for protein and/ or activity, except one in AhRR (rs2241598), which showed an additional effect on mRNA level. This SNP is positioned in the 3′ UTR of AhRR, indicating a possible post-transcriptional regulation of the inhibitor AhRR by miRNAs and thus having a positive effect on CYP1A2 expression. The other SNP genes belonged to different regulatory pathways (basal/constitutive, inducible, and cytokine) pointing to the complex network of transcriptional regulation pathways of CYP1A2 expression. The four polymorphisms in the HNF1α gene, consisting of two pairs of strongly linked SNPs, were consistently associated with significantly increased activity and protein levels at least in the univariate analysis. Besides three intronic positions (rs1169300, rs1169306, rs735396), one SNP (rs2464196) affected an amino acid serine (S) at position 487 by change to asparagine (N), which in turn should not be damaging to the HNF1α protein, according to an analysis with PolyPhen 10 . All four SNPs have been included in previous studies on plasma CRP levels, and S487N was significantly associated with lower CRP and GGT levels (Reiner et al., 2008 (Reiner et al., , 2009 indicating a connection to inflammation signaling.
In our study CYP1A2 protein and activity was influenced by an exon SNP in IL1ß (rs1143634) affecting codon 105, but keeping amino acid phenylalanine. This SNP was included in some recent studies and was associated with diseases in Japanese (lung cancer: Kiyohara et al., 2010) and Caucasians (schizophrenia: Xu and He, 2010) .
RXRα-participating heterodimers of the xenobiotic translational regulation pathways were included in this study for exploratory reasons. As discussed above, both SNPs in RXRα were associated uniformly with decreased CYP1A2 expression. Of the nuclear receptors included two SNPs in VDR (NR1I1) were significantly associated to higher protein and activity in the univariate model, Ther. 81, 270-283. Fukushima, S., Okuno, H., Shibatani, N., Nakahashi, Y., Seki, T., and Okazaki, K. (2008) . Effect of biliary obstruction and internal biliary drainage on hepatic cytochrome P450 isozymes in rats. World J. Gastroenterol. 14, 2556-2560. Ghotbi, R., Christensen, M., Roh, H., Ingelman-Sundberg, M., Aklillu, E., and Bertilsson, L. (2007 
Figure S1 | Comparison of SNP-frequencies to published data (dbSNP).
SNP frequencies determined in our study were compared to available SNP data in dbSNP (n = 153). MAF, minor allele frequency. 
